A key feature of schizophrenia is the inability to screen out irrelevant sensory input. Prepulse inhibition (PPI) of the startle response, a cross-species measure of sensorimotor gating, provides a valuable opportunity to study this feature. PPI is reliably impaired in schizophrenia. Animal models of disrupted PPI have proved valuable for the evaluation of antipsychotic substances. The cortico-striato-pallido-thalamic circuitry is primarily responsible for modulation of PPI in animals. We examined PPI and its brain correlates, using functional magnetic resonance imaging (fMRI), in men with schizophrenia treated with typical or atypical antipsychotics. Thirty men with schizophrenia on stable doses of typical antipsychotics (n=10), risperidone (n=10) or olanzapine (n=10 ; 9 with usable fMRI data) and 12 healthy men underwent psychophysiological testing and fMRI during a tactile PPI paradigm. The results showed reduced PPI of the eye-blink startle response in patients compared with healthy controls. Within the patient group, those on typical antipsychotics showed significantly impaired PPI but risperidone-or olanzapine-treated patients showed a milder (non-significant) deficit. Increased activity in the striatum, thalamus, insula, hippocampal, temporal, inferior frontal and inferior parietal regions occurred in association with PPI in controls. Patients treated with risperidone or olanzapine, but not with typical antipsychotics, showed significant activation in PPI-relevant regions. Our findings provide preliminary evidence that atypical antipsychotics positively influence PPI and partially restore associated brain functions in schizophrenia. Imaging data buttress the validity of PPI as a useful animal model of schizophrenia.
Introduction
The simple startle reflexive response shows several forms of plasticity, including prepulse inhibition (PPI). PPI refers to a reliable reduction in the amplitude of the startle response to a strong sensory stimulus, the pulse, if this is preceded shortly (30-500 ms) by a weak stimulus, the prepulse (Graham, 1975) . PPI offers a simple operational measure of sensorimotor gating, serving to prevent the interruption of ongoing perceptual and early sensory analysis. Animal studies have shown that PPI is modulated by the corticostriatal-pallido-thalamic (CSPT) circuitry involving the prefrontal cortex, thalamus, hippocampus, amygdala, nucleus accumbens, striatum, ventral pallidum, globus pallidus, and subpallidal efferents to the pedunculopontine nucleus (for reviews see Swerdlow and Geyer, 1998 ; Swerdlow et al., 2001) . Recent functional (Hazlett et al., 1998 (Hazlett et al., , 2001 Kumari et al., 2003) and structural (Kumari et al., 2005b) neuroimaging studies confirm that these regions are also involved in PPI in healthy human subjects.
Pharmacological and surgical challenges to substrates of the CSPT circuitry reliably produce change in PPI in experimental animals which is consistent with the hypothesis that the impaired gating seen in schizophrenia may arise from abnormalities in the neural interactions between limbic structures and basal ganglia (for reviews see Swerdlow and Geyer, 1998 ; Swerdlow et al., 2001) .
PPI is considered a well-validated animal model for evaluating existing and potential new treatments for schizophrenia for several reasons Geyer and Ellenbroek, 2003 ; Swerdlow and Geyer, 1998) . First, there is excellent evidence that PPI is disrupted in schizophrenia (Braff et al., 1978 Duncan et al., 2003a,b ; Kumari et al., 2005b ; Leumann et al., 2002 ; Ludewig et al., 2003 ; Mackeprang et al., 2002 ; Meincke et al., 2004 ; Oranje et al., 2002 ). Second, PPI shows similar sensitivity to stimulus characteristics in rats and human beings (Swerdlow et al., 1994) . Third, PPI in rats is disrupted and potentiated by drugs that have psychotic and antipsychotic properties, respectively, in humans (Swerdlow and Geyer, 1998 ; Geyer et al., 2001 ; Geyer and Ellenbroek, 2003) . Environmental manipulations with relevance to schizophrenia, such as isolation rearing and viral infection, also disrupt PPI and such disruptions too can be reversed by antipsychotic drugs (Powell and Geyer, 2002) . Furthermore, some PPI models are able to distinguish between antipsychotic drugs with typical and atypical properties. Dopamine (DA) agonists, serotonin (5-HT) agonists and N-methyl-D-aspartate (NMDA) antagonists disrupt PPI Swerdlow et al., 1992 ; Swerdlow and Geyer, 1998) . DA agonist-induced disruptions can be reversed by both typical and atypical antipsychotics Swerdlow et al., 1992 ; Swerdlow and Geyer, 1998) . However, atypical antipsychotics, such as clozapine, show superiority to typical antipsychotics in restoring PPI deficits induced by other pharmacological manipulations, for example, the disruption of PPI by phencyclidine Geyer and Ellenbroek, 2003 ; Swerdlow and Geyer, 1998) . Atypical antipsychotics also show superiority in reversing the disruption of PPI in some neurodevelopmental models (Le Pen and Moreau, 2002) . These findings suggest that atypical antipsychotics should be more effective in restoring PPI deficits in schizophrenia patients, especially in those suffering from dysfunctions across several neurotransmitter systems (see review by Kumari and Ettinger, 2005) .
In line with preclinical evidence, one study (Weike et al., 2000) reported improved PPI with effective, typical or atypical, antipsychotic medication in schizophrenia patients. Studies from three different research groups have reported ' normal range' PPI in patients on atypical antipsychotics but significantly reduced PPI in those on typical antipsychotics (Kumari et al., , 2000 (Kumari et al., , 2002 Leumann et al., 2002 ; Oranje et al., 2002) . A longitudinal study (Meincke et al., 2004) reported increased PPI in schizophrenia patients with improvement in their symptoms after medication, suggesting state-related changes in PPI. Another recent longitudinal study (Quednow et al., 2006) observed a significant PPI deficit in schizophrenia patients at baseline but this deficit disappeared after 4 wk treatment with amisulpride or olanzapine. However, there are other studies which failed to observe an effect of antipsychotic medication on PPI (Duncan et al., 2003a, b ; Mackeprang et al., 2002 ; Parwani et al., 2000 ; Perry et al. 2002) . To what extent inconsistent findings on medication influences in PPI in schizophrenia reflect procedural differences, sample characteristics, the effects of specific compounds under investigation, or treatment responsiveness remains to be clarified (for review see Kumari and Ettinger, 2005) . This area should be considered an important line of enquiry given the use of PPI as a model to screen new compounds for their antipsychotic actions and atypicality.
In the present study, we investigated tactile PPI and its brain correlates, using functional magnetic resonance imaging (fMRI) in homogenous groups (as far as possible) of men with schizophrenia who were stable on typical antipsychotics or one of the two commonly used atypical antipsychotics, namely risperidone and olanzapine. Only two published studies (Hazlett et al., 1998 ; Kumari et al., 2003) have so far focused on the neural mechanisms that might be associated with reduced PPI in schizophrenia patients. Of these, one study (Hazlett et al., 1998) used positron emission tomography and did not examine limbic regions while the other study (Kumari et al., 2003) examined only a small number of patients (n=6) all of whom were treated with typical antipsychotics. No imaging data, to our knowledge, are available on neural correlates of PPI in patients treated with atypical antipsychotics.
Our primary aim was to test the hypotheses that : (i) abnormal patterns of activation will be demonstrated in patients in the striatal, thalamic, temporal and parietal regions that are found to subserve PPI in healthy people (Hazlett et al., 2001 ; Kumari et al., 2003) , and (ii) within the patient groups, the largest PPI deficit and associated functional brain abnormalities would be found in patients on typical antipsychotics, with less severe (or no) deficits in those on risperidone or olanzapine. Our secondary aim was to confirm previously reported associations between reduced PPI and increased distractibility (Karper et al., 1996 ;  n=24) and reduced executive functioning (Butler et al., 1991 ; n=15) in patients with schizophrenia.
Method and materials

Participants
The study involved 30 male patients with schizophrenia. Of these 30 patients, 10 were on a range of typical antipsychotics (5 on haloperidol, 2 on chlorpromazine, and 3 on flupenthixol ; mean daily dose in chlorpromazine equivalents 430.27 mg/d, S.D.= 368.96), 10 on risperidone (mean daily dose 3.9 mg, range 2-8 mg/d), and 10 on olanzapine (mean daily dose 18.0 mg, range 10-50 mg/d). All included patients were diagnosed as having schizophrenia by a psychiatrist using the Structured Clinical Interview for DSM-IV (SCID ; First et al., 1995) . All patients had been on the same antipsychotic for 4 months or longer and were deemed treatment responsive by their treating clinicians. In addition, two patients (one on risperidone and one on typical antipsychotics) were taking procyclidine (10 mg/d). They had no history of neurological disease or alcohol or other substance abuse in the preceding 6 months and were free from illicit drugs at the time of this study (confirmed with urine analysis). Table 1 presents demographic and clinical characteristics of patients classified by their medication type.
Twelve healthy men, who were screened using a semi-structured interview (SCID ; First et al., 1996) and found not to have a history of mental illness, anorexia, drug and alcohol abuse (confirmed with urine screen), regular medical prescription, or presence of psychosis in their first-degree relatives, were examined for comparison purposes. All included participants (patients and controls) were strongly right-handed as determined using the Edinburgh Handedness Inventory, shortened version (Oldfield, 1971) .
The study procedures were approved by the ethics committee (research) of the Institute of Psychiatry and Maudsley Hospital, London. All participants provided written informed consent.
Clinical assessments
Symptoms were rated within 4 d of scanning using the Positive and Negative Syndrome scale (PANSS ; Kay et al., 1987) by a trained psychiatrist. Side-effects were also recorded within 4 d of scanning using the Barnes Akathisia Scale (Barnes, 1989) .
PPI experiment : paradigm and procedure
The PPI paradigm involved the use of tactile stimuli as both the pulse (a 40-ms presentation of 30 psi air-puff) and the prepulse (a 20-ms presentation of 6 psi airpuff). There were four conditions in total [30-ms stimulus onset asynchrony (SOA) PPI, 120-ms SOA PPI, pulse-alone, prepulse-alone] each presented to participants five times in 30-s blocks in pseudorandom order, controlling for any order effect, all starting with a 15-s resting baseline. Six stimuli were presented (inter-stimulus interval of 3-6 s) within each 30-s block. The pulse-alone condition involved presentations of the pulse stimulus and the prepulse condition involved presentation of the prepulse stimulus. In the 30-ms and 120-ms SOA PPI conditions, the pulse stimulus was presented preceded by the prepulse stimulus with SOA of 30 ms or 120 ms. The experiment lasted about 15 min. All stimulus presentation during the scanning and psychophsiological testing was controlled by a commercially available Human Startle Response Monitoring System (SR-Lab, San Diego Instruments, San Diego, CA, USA). The air-puff delivery system consisted of two cylinders of compressed clean air (one for the pulse, and the other for the prepulse), each with a solenoid-controlled valve and a 10-m long plastic tube (diameter 6 mm) (as described by Kumari et al., 2003) . The tubes were taped together, applied to the subject's neck in the midline just above the sternum, and secured with tape.
All potential participants underwent psychophysiological testing for PPI of the eye-blink reflex response on the morning of the scheduled scan or 1 d in advance. At the time of this study, it was not possible to safely use electrodes to measure PPI electromyographically during the scanning itself. However, PPI has been shown to have high stability in both normal (Abel et al., 1998 ; Cadenhead et al., 1999 ; Flaten, 2002 ; Schwarzkopf et al., 1993) and clinically stable schizophrenia subjects and thus was expected to occur in participants during the scanning in proportion to what they showed in the psychophysiology laboratory. Only those participants were included in the fMRI experiment who responded (produced a clearly visible blink) to the first two tactile stimuli (one control and two patients were excluded on this account) and did not show a startle response to the prepulse stimuli (one control and one patient were discarded). Those excluded after the psychophysiological screening were in addition to the sample reported here.
Cigarette smokers were allowed to smoke as usual on days of fMRI and psychophysiological testing to avoid a state of smoking/nicotine withdrawal which would affect PPI (Kumari and Gray, 1999) but care was also taken not to start psychophysiological recording/ scanning of them within 30 min of smoking a cigarette to avoid the possibility of a transient increase in PPI due to nicotine intake (Kumari et al., 2001) .
Psychophysiological data collection
The eye-blink component of the startle response was measured by recording the electromyographic (EMG) activity of the right orbicularis oculi muscle via two (contact area <4 mm) Ag/AgCl electrodes filled with Dracard electrode gel. After preparing the skin surface with Sterets sterile swabs, one electrode was positioned y1 cm lateral to, and 0.5 cm below, the lateral canthus of the subject's right eye, while the second electrode was placed 1.5 cm below and slightly medial to the first electrode, such that both electrodes were equidistant from the centre of the eye. In addition a ground (reference) electrode was placed behind the right ear over the mastoid. The startle system recorded EMG activity for 250 ms (sample interval 1 ms) from the onset of the startle stimulus. The amplification gain control for EMG signal was kept constant for all subjects. Recorded EMG activity was band-pass filtered, as recommended by SR-Lab. Analogue bandpass filtering occurred before digitizing. The high-pass and low-pass cut-off frequencies were set at 100 hz and 1 kHz respectively. A 50-Hz notch filter was used to eliminate the 50-Hz interference. The data were scored offline by the analytical programme of this system for response amplitude (in arbitrary analogueto-digit units), and latencies to response peak (in ms). The scoring programme contained a rolling average routine which smoothed the rectified EMG response. The latency to response peak was determined as the point of maximal amplitude that occurred within 120 ms from the startle stimulus. PPI was computed as [(axb)/a)]r100, where a=pulse-alone startle amplitude and b=prepulse+pulse amplitude.
Image acquisition
Echoplanar MR brain images were acquired using a 1.5 T GE Signa system (General Electric, Milwaukee, WI, USA) at the Maudsley Hospital, London. Daily quality assurance was carried out to ensure high signal-to-ghost ratio, high signal-to-noise ratio and excellent temporal stability using an automated quality control procedure (Simmons et al., 1999) . A quadrature birdcage head coil was used for RF transmission and reception. In each of 36 near-axial non-contiguous planes parallel to the inter-commissural (AC-PC) plane, 300 T2*-weighted MR images depicting bloodoxygen-level-dependent (BOLD) contrast (Ogawa et al., 1990) were acquired over the experiment with echo time (TE)=40 ms, repetition time (TR)=2 s, inplane resolution=3.0 mm, slice thickness=3.0 mm, interslice gap=0.3 mm. In the same session, a highresolution 3D inversion recovery prepared spoiled GRASS volume dataset was acquired with TE=5.3 ms, TI=300 ms, TR=12.2 ms, in-plane resolution= 0.94 mm, slice thickness=1.5 mm. Participants were not required to make any voluntary responses during the scanning.
Neuropsychological assessments
The neuropsychological tests of attention (Continuous Performance Task, identical pairs version ; CPT-IP, Cornblatt et al., 1988) , executive functioning [Wisconsin Card Sorting Test (WCST), computerized version, Heaton, 1993] and also of mental flexibility (Trail Making Test, forms A and B, Reitan and Wolfson, 1985) were administered by a trained psychologist within a week of scanning. Predicted verbal IQ of all participants was assessed using the National Adult Reading Test (NART revised ; Nelson and Willison, 1991) for sample characterization purposes. All participants were administered tests in the same order.
Data analysis
All demographic, clinical, cognitive and psychophysiological data were analysed using SPSS version 12.00 (SPSS Inc., Chicago, IL, USA). The a-level for significance (two-tailed) was set at p<0.05 unless indicated otherwise.
Clinical measures
Symptoms and side-effects in the three patient groups were analysed with one-way analysis of variance (ANOVA).
Psychophysiological measures : startle amplitude, habituation and PPI To examine the difference between the patient and control groups in the amplitude and habituation of the startle response over the experiment, the data from the pulse-alone condition were subjected to a 2 (diagnosis : patients, controls)r5 (block : five 30-s blocks each consisting of six trials) ANOVA, with diagnosis as a between-subjects and block as a within-subjects factor. A further 4 (group : controls, patients on typical antipsychotics, patients on risperidone, and patients on olanzapine)r5 (block) ANOVA was conducted to compare the groups against each other on response amplitude and habituation.
To examine the difference in PPI between the patient and control groups, PPI ( %) scores were subjected to a 2 (diagnosis)r2 (trial type : 30-ms SOA PPI ; 120-ms SOA PPI) ANOVA, with diagnosis as a between-subjects and trial type as a within-subjects factor. As for the amplitude and habituation, a further 4 (group)r2 (trial type) ANOVA was conducted with relevant post-hoc comparisons to compare the patient groups (classified by the medication type) against the control group. Although we did not have sufficient power to detect significant differences between the patient groups given the small effect for superiority of atypical antipsychotics over the typical ones (where found) in previous reported studies of schizophrenia patients (for review see Kumari and Ettinger, 2005) , we explored the differences between the patient subgroups in post-hoc comparisons.
Latencies to response peak were analysed with a 2 (diagnosis)r3 (experimental condition : pulse-alone, 30-ms SOA PPI, 120-ms SOA PPI), followed by a 4 (group)r3 (experimental condition : as for the previous ANOVA) ANOVA.
fMRI of PPI
Image pre-processing For each subject, the 300 volume functional time series were motion corrected (Friston et al., 1996) , transformed into stereotactic space, spatially smoothed with a 6-mm FWHM Gaussian filter and band-pass filtered using statistical parametric mapping software (SPM99 ; http://www.fil.ion.ucl.ac.uk/spm). Imaging data (incomplete due to problems during acquisition) for one patient on olanzapine were found to be unusable, thus reducing the sample size for this group (for fMRI part only) to nine patients.
Models and inferences
Data were analysed using a random-effect procedure (Friston et al., 1999) . The first stage identified subjectspecific activations in all participants with a factorial model consisting of four conditions (pulse-alone, prepulse-alone, 30-ms SOA PPI, 120-ms SOA PPI) and rest as an implicit baseline. The boxcar for each 30-s epoch was convolved with the haemodynamic response function. Generic task-related activations in each group were identified (corrected for multiple comparisons at the cluster level, p<0.005, unless indicated otherwise) for the 120-ms SOA PPI>pulse-alone and 30-ms SOA PPI>pulse-alone contrasts using one-sample t tests. The 30-ms SOA PPI>pulse-alone contrast failed to elicit reliable and sufficiently strong activation even in the control group (see Results section) and thus was not taken up at the second stage of analysis.
The second stage of analysis compared patients, as a group, with controls using between-subject t tests on the 120-ms SOA PPI>pulse-alone contrast. We then evaluated the relationships between BOLD response in regions found to differentiate patients from controls and PPI across the entire sample. Next, we performed an ANOVA within SPM for the 120-ms fMRI of startle gating in schizophrenia 467 by guest on November 4, 2016 http://ijnp.oxfordjournals.org/ SOA PPI>pulse-alone contrast with the four groups as a between-subjects factor to identify regions (p<0.05, corrected for multiple comparisons at the cluster level), differentiating one or more of the patient groups from the control group. We found no significant clusters reaching these criteria. We then reevaluated the results using a more lenient criteria (p<0.005, uncorrected) and considered the resultant clusters having >20 voxels to be of some interest if they were located in the regions hypothesized to show less activity in the patient group and/or activated in the controls group in association with PPI.
Neuropsychological measures and their relationship with PPI
The patient and control groups were compared on each neuropsychological variable using independent sample t tests. The relationships of mean PPI (averaged across the two SOAs) to neuropsychological variables and symptoms were assessed using Spearman rank correlations (one-tailed test, given previous data from Butler et al., 1991 ; Karper et al., 1996) .
Results
Clinical measures
As shown in Table 1 , patients and controls did not differ in age. The symptoms and side-effects ratings in the three patient subgroups were comparable.
Psychophysiological measures
Amplitude and habituation
There was no significant difference between the patients and controls in the amplitude or habituation of the startle response over pulse-alone trials, as there was only a significant effect of block (F=13.44, d.f.=4, 160, p<0.001) showing habituation of the response over five blocks (linear : F=17.62, d.f.=1, 40, p<0.001), but no diagnosisrblock interaction (F=0.03). The analysis with inclusion of four groups also revealed only a main effect of block (F=16.85, d.f.=4, 152, p<0.001) and no grouprblock interaction (F=1.24). Mean (S.D.) startle amplitudes for blocks 1-5 in controls and patients are presented in Table 2 .
PPI
There was, as expected, a significant effect of diagnosis (F=4.30 ; d.f.=1, 40, p=0.04) showing less PPI in patients than controls (Figure 1 ). There was also a significant effect of trial type (F=10.08 ; d.f.=1, 40, The strongest activation was seen on the left side in a large cluster with peak activity in the globus pallidus/ putamen and extending to caudate, thalamic, insular inferior frontal, temporal, hippocampal, and inferior parietal regions and, on the right side, in a cluster with peak in the inferior parietal region. Another cluster on the right side including parts of the superior temporal gyrus, thalamus and putamen was also activated (Figure 2a , Table 3 ).
30-ms SOA PPI>pulse-alone
For this contrast, only one cluster in the left temporal gyrus showed some activity (uncorrected for multiple comparisons, Table 3 ) which extended to parts of the globus pallidus/putamen, thalamus, and hippocampal regions in close proximity to the activations seen for the 120-ms PPI condition.
Activation patterns in patients and comparison with controls
120-ms SOA PPI>pulse-alone
Patients demonstrated activations bilaterally in the temporal lobe which was weaker on the right side but extended to thalamic and striatal regions (see Figure  2a , Table 3 ). Activations in some other regions found active in controls were also seen but not significantly so (see Figure 2a) . In the direct comparison of patients with controls, clusters with maximally different activity between the two groups (reduced more in patients than controls) were located in the thalamus (number of contiguous voxels=21 ; centred at x=x2, y=x6, z=10 ; t=2.39), insular cortex (number of contiguous voxels=79 ; centred at x=x40, y=x4, z=10 ; t=3.18), and the inferior frontal gyrus (number of contiguous voxels=60 ; centred at x=x46, y=30, z=0 ; t=2.89) (Figure 2b ). Of these three regions, BOLD response in the thalamus (at x=x2, y=x6, z=10) correlated positively with PPI levels across the entire sample (r=0.36, p=0.02). BOLD responses in other two regions were not significantly correlated with PPI (p>0.20).
30-ms SOA PPI>pulse-alone
No region was found to be activated even at the uncorrected (for multiple comparisons) level.
Activation patterns in patients classified by medication type and comparison with controls
Typical antipsychotics group
A large cluster including parts of the anterior as well as posterior cingulate was activated (Table 4) . This cluster extended bilaterally to the right temporal gyrus and thalamus but the activations were not strong enough to emerge as areas of sub-peak activity (Table 4) . This group showed reduced activity compared to controls in several small clusters (Figure 2c ) which did not survive correction for multiple comparisons but were located within the regions found to be activated in association with the 120-ms SOA PPI condition in controls.
Risperidone group
Increased activity was seen in the right superior/ middle temporal gyrus extending to the inferior frontal gyrus and striatum. A cluster in the left temporal gyrus, extending to the post-central gyrus and inferior parietal lobe, was also activated (Table 4) . This group showed reduced activity in multiple small clusters (Figure 2c ) which did not survive correction for multiple comparisons but were located within the regions that had emerged as showing significant activation in association with the 120-ms SOA PPI condition in controls. 
Olanzapine group
The strongest activation was seen in the right superior/middle temporal gyrus. Some activity was seen in the left middle temporal gyrus which extended to the globus pallidus/caudate, hippocampal and thalamic regions. Both pre-and post-central gyrus were also activated. Of the three patient subgroups, activation pattern of this group most resembled to that of controls (Table 4, Figure 2c ).
Neuropsychological measures and their association with PPI
As shown in Table 5 , patients, on average, showed worse performance than controls on all tests. Reduced PPI in patients was weakly associated with distractibility on the CPT (p=0.06), significantly associated with the perseverative errors on the WCST (p=0.03) but unrelated (p=0.43) to mental set shifting as assessed by the interference score on the Trail Making Test (see Table 5 for rho values).
Discussion
The main findings of this study were : (i) reduced PPI, on average, in patients with schizophrenia compared to controls, which, when examined according to the medication type, was significantly reduced only in the group treated with typical antipsychotics, (ii) increased brain activity in association with 120-ms PPI in controls in the striatum, thalamus, insula, hippocampal, temporal, inferior frontal and inferior parietal regions, with non-significant increases in the same regions with 30-ms PPI, (iii) reduced fMRI activity in patients, compared to controls, in the thalamic, insular and inferior frontal regions during the 120-ms PPI, of which reduced thalamic activity showed a direct association with PPI across the entire sample, and lastly (iv) when examined according to medication type, reduced fMRI activity, compared to controls, in several small clusters located in the striatal and thalamic regions in the typical antipsychotics and risperidone groups, with relatively fewer such clusters in the olanzapine group. The observation of reduced tactile PPI in patients compared to controls is well in line with numerous previous reports using acoustic PPI paradigms (see Introduction). This reduction was less pronounced (and non-significant) in patients who had clinically responded and were on stable doses of risperidone or olanzapine. This finding can be taken to suggest that risperidone and olanzapine, like clozapine , may have greater PPI-improving effects (than typical antipsychotics) in patients who respond to these drugs. Atypical antipsychotics are also found in several studies to show greater beneficial effects than typical antipsychotics on cognitive functions (e.g. Keefe et al., 1999 Keefe et al., , 2004 ; for reviews see Meltzer and McGurk, 1999 ; Sharma, 1999 ), brain activity (Braus et al., 1999 ; Honey et al., 1999 ) and brain structural volumes (Corson et al., 1999 ; Chakos et al., 2005 ; Garver et al., 2005 ; Lang et al., 2004 ; Lieberman et al., 2005) . It should be noted, however, that PPI in patients treated with risperidone or olanzapine, although within the normal range, was still somewhat lower than PPI seen in controls. These data, taken together with previous relevant literature, indicate that a graded response, i.e. a progressive increase in PPI from unmedicated patients through those medicated with typical antipsychotics to patients medicated with atypical antipsychotics, occurs in schizophrenia patients. This pattern may be especially strong in those who show responsiveness to a particular drug over a longer period.
The findings of increased activity in the striatum, thalamus, insula, hippocampal, temporal, inferior http://ijnp.oxfordjournals.org/ frontal and inferior parietal regions in association with 120-ms PPI in controls supports the observations of our previous preliminary fMRI study (Kumari et al., 2003) and are consistent with data from animal studies . The same regions were also activated during the 30-ms PPI condition, but not as robustly, perhaps reflecting the fact that the 30-ms condition elicited less PPI. Patients, on average, showed subtle activation deficits compared to controls in the thalamic, insular, and inferior frontal regions. Patients on typical antipsychotics, who showed impaired PPI, failed to show significant activation in any brain regions that were seen activated in association with PPI in controls. Risperidone-and olanzapinetreated patients showed activation in some PPIrelevant regions, but still had subtle activation deficits in multiple regions. This pattern of differences can be expected considering the level of observed PPI in these groups. Reduced PPI in patients was associated with increased perseverative errors on the WCST and increased distractibility on the CPT confirming the observations of Butler et al. (1991) and Karper et al. (1996) . However, the strength of these associations was not strong suggesting that only a small percentage of variance in PPI of schizophrenia patients is explained by performance on these neuropsychological tests. Interestingly, impaired PPI in schizophrenia has been reported to be closely associated with severity of thought disorder (Perry and Braff, 1994 ; Perry et al., 1999) . There are previous data indicating an association between impaired executive functioning and presence of a formal thought disorder Berenbaum, 2002, 2003) which, by inference, suggests that thought disorder may potentially mediate any relationship between reduced neurocognitive performance and reduced PPI in schizophrenia. Our study has certain limitations. First, we were not able to carry out fMRI and psychophysiological recordings of PPI in the same session although this concern may not be very serious given that PPI has high stability and our imaging findings in controls replicate previous literature on this topic. Second, we used a between-subjects design which is not ideal for examining medication effects. We had originally planned to study patients while they were stable on typical antipsychotics and follow them up for 6 months after they had been switched to olanzapine or risperidone and then compare them with those who remained on typical antipsychotics. In practice, this approach proved difficult because of a rapid change in clinical practice in our study area (i.e. most patients got switched to atypical antipsychotics very quickly, leaving few patients on typical antipsychotics who could be switched to atypicals). Hence, we opted for a between-subjects design in order to include a sufficient number of male patients who were stable and deemed by the treating clinicians to have responded to the typical antipsychotics, risperidone or olanzapine. This design, however, does not permit a definite (Blin, 1999 ; Peroutka and Snyder, 1982) and may have differential effects on PPI. Haloperidol acts as a relatively selective D 2 antagonist with moderate affinity for D 3 receptors and low affinities for a 1 and 5-HT 2A receptors. Flupenthixol antagonizes both D 2 (high affinity) and D 1 receptors (moderate affinity), and has similar affinities as haloperidol for a 1 and 5-HT 2A receptors. Chlorpromazine also antagonizes both D 2 (high affinity) and D 1 receptors (moderate affinity) and, in addition, has moderate affinities for 5-HT 2A and cholinergic receptors, high affinity for a 1 receptors and low affinity for histamine 1 receptors. Fourth, our experimental paradigm involved non-random presentation of the stimuli in the box-car design as opposed to random presentation generally employed in startle studies. Nevertheless, blocked presentations of stimuli are found to produce expected neural effects in experimental animals (Humby et al., 1996) and significant activations were found in predicted regions in this study. Finally, the activations showing group differences are very subtle and may represent false positives. Nevertheless, we chose to report them because their locations were consistent with our hypotheses and entertain the possibility that the present sample of patients (all medicated and stable) is showing a subtle neural deficit rather than no deficit at all. PPI in many patients, although reduced on average compared to controls, was in the normal range under the conditions of the present experiment.
In conclusion, this study confirms the observations of our preliminary fMRI study (Kumari et al., 2003) in showing involvement of thalamic, striatal, temporal and parietal regions in PPI in healthy human subjects and reveals preliminary evidence for a milder PPI deficit and associated brain abnormalities (relative to controls) in patients on stable treatment with atypical antipsychotics, especially olanzapine, than seen in patients on typical antipsychotics. 
